Dendritic cells (DCs) are important for initiating immune responses, in part through their ability to acquire and shuttle antigen to the draining lymph node (DLN). The mobilization of DCs to the DLN is complex and remains to be fully elucidated during infection. Herein described is the use of an innovative, simple assay that relies on the fluorochrome 5-and 6-carboxyfluorescein diacetate succinimidyl ester (CFSE) to track the migration of DCs during footpad infection with Mycobacterium bovis Bacille Calmette-Guérin (BCG) in C57BL/6 mice. This assay enables the characterization of skin DC sub-populations that actively relocate to the draining, popliteal LN in response to BCG. This protocol originates from a BCG model where migratory skin DCs were identified by flow cytometry. The assay is amiable to the study and identification of DCs or other cells that home to the popliteal LN after inoculation of microbes, their metabolites or other inflammatory stimuli in the footpad, and consequently to study factors that regulate the migration of these cells.
Introduction
DCs localized in body surfaces sense microbes or their products, and in doing so mobilize via lymphatic vessels to the draining LN (DLN) 1, 2 . This relocation is needed for transport of microbial antigen to the DLN and the consequent priming of immune responses to the invading microbe. Indeed, blockade or failure of DCs to migrate from the infected tissue to the DLN mutes the T-cell response [3] [4] [5] . Accordingly, assays designed to track migration at the single-cell level are useful to help ascribe migratory function to a given DC subset.
There is a large body of data on the mobilization of skin DCs to the DLN. The latter accounts for much of the knowledge on DC migration from inflamed or infected sites 2 . This is not surprising since the skin houses a large population of DCs and is a highly accessible surface for experimentation in the laboratory mouse. Several techniques have thus been developed to assess the migration of murine DCs from the skin to the DLN 2 . FITC skin painting is by far the most commonly used approach. In this assay the fluorochrome fluorescein-5-isothiocyanate (FITC) is prepared in a mixture with acetone and a contact irritant. This cocktail is applied to depilated or shaved skin and the accumulation of FITC-labeled cells is in turn analyzed in the DLN. Migration can also be studied by injecting the skin with fluorochrome-tagged nano-or microparticles, which enables the tracking of phagocytic cells that have internalized the fluorescent particles in the skin. Lymphatic vessels can also be cannulated to directly extract migrating DCs from lymph. This is however technically challenging, especially in mice. The number of DCs obtained for subsequent analysis is also a limiting factor.
In spite of many previous studies on skin DC migration, there remains a paucity of information regarding skin DC mobilization to DLN following vaccination with Bacille Calmette-Guérin (BCG), the live, attenuated strain of Mycobacterium bovis used to vaccinate against M. tuberculosis. BCG is inoculated in the skin, causing a limited infection that triggers a T helper-cell type 1 response. Both the DC sub-populations that mobilize to the DLN from the BCG-infected skin and the factors that regulate their migration during this process are not fully understood. In light of the above, a simple but novel method was developed where the fluorochrome 5-and 6-carboxyfluorescein diacetate succinimidyl ester (CFSE) is injected in situ to track the migration of DCs into the DLN 3 . C57BL/6 mice are injected in the hind footpad with an inoculum of BCG and the day before sacrifice, animals are injected in the same footpad with a high concentration of CFSE. Twenty-four hours later animals are sacrificed and the draining popliteal LN (pLN) removed and prepared for flow cytometry. This assay enables the identification of cells that migrate overnight from the footpad skin to the DLN (Figure 1 ). [7] [8] [9] [10] . NOTE: For excellent reviews on flow cytometry we refer the reader to the following publications that relay both theoretical and practical information on this method.
Cell Staining and Flow Cytometry

Representative Results
The CFSE-based migration assay (Figure 1 . Further, migratory skin DCs express elevated levels of co-stimulatory molecules CD80 and CD86 ( Figure 2D ). This is consistent with previous observations from skin explant cultures and FITC skin painting Given that MHC-II high CD11c +/low cells represent not one but multiple DC sub-populations 13 , the additional surface markers CD103, EpCAM (CD326) and CD11b were included in the antibody staining panel used for flow cytometric detection (Materials Table) to further characterize the population of migratory DCs (Figure 3) . In doing so, a sub-population of EpCAM low CD11b high cells was identified as the main migratory skin DC subset in response to BCG infection ( Figure 3 ).
The flow cytometric data shown here was acquired on a flow cytometer equipped with 4 lasers (488, 532, 640 and 405 nm). The data was analyzed with cell analysis software. Other multi-color flow cytometers than the one specified in the Materials Table can be employed for the successful detection of the markers mentioned in the above studies, or the detection of other markers, on other cell types for that matter. For the protocol described herein, a cytometer capable of detecting 6 different fluorochromes is necessary. Importantly, the clones for each antibody used are specified (Materials Table) . The choice of fluorochrome conjugate needs to be considered as this may depend on the lasers and detection channels on the flow cytometer available. Similarly, antibodies need to be titrated to determine the most appropriate dilutions for staining. , with permission from the publisher. Please click here to view a larger version of this figure.
Discussion
noDCs are specialized antigen-presenting cells that can respond to microbial challenge at body surfaces by acquiring microbial antigen and migrating to DLN via lymphatics. There, DCs present this antigen to T cells in a manner that drives primary T-cell responses. The process of DC migration from tissue to DLN is therefore highly important for understanding how a productive T-cell response is initiated. Methods to measure DC migration are consequently very useful in unfolding the above.
A mouse model was employed to study skin DC migration to DLN following infection with BCG, a live vaccine that is injected clinically in the skin. In line, BCG is injected in the hind footpad to mimic this cutaneous route of vaccination. A simple assay was developed and consequently incorporated to this model to investigate the migration of skin DC sub-populations from the BCG inoculation site in the footpad skin to the draining pLN. This protocol relies on injecting the fluorochrome CFSE into the same footpad that previously received BCG and then isolating the draining pLN 24 hr later to analyze the presence of CFSE-labeled cells by flow cytometry. Although not described in the protocol, LNs from this setup can also be prepared for analysis by confocal microscopy, to study migration processes such as the positioning of migratory cells in the LN 3 . Furthermore, similar results on BCG-triggered skin DC migration have been obtained using both BCG Pasteur 1173P2 3 and BCG SSI 1331 14 .
CFSE is commonly used to label cells in vitro and to track such labeled cells in vivo after cell transfers 15 . In the current protocol though, it was used to directly label skin cells in situ. The molecular basis of CFSE labeling is similar to FITC, which is also an amine-reactive fluorescent dye. CFSE is however preferred over FITC for conjugation as it creates very stable carboxamide bonds 16 . Moreover, CFSE is highly membrane permeable and passively diffuses into cells. Once inside, it forms intracellular amine (fluorescent) conjugates that are retained in the labeled cell 15 .
The CFSE-based migration assay developed by the authors enables the identification of cells relocating from skin to DLN within a 24-hr period in response to BCG. It thus measures acute migration during a defined timeframe and allows one to investigate the ability of different, injected stimuli to trigger migration. This assay is different from the classical technique of FITC skin painting, which measures a cumulative migration event triggered by cutaneous, topical application of a contact-sensitizing agent. Thus, the CFSE-based migration assay can be employed to identify migratory skin DCs or other cells that home to the pLN after the injection of microbes, microbial products or other inflammatory stimuli in the footpad. Indeed, both neutrophils and γ:δ T cells have been shown to relocate from skin to DLN in response to BCG 17, 18 . In fact, the assay was recently used in a co-infection setting to show that a gut-localized nematode infection could mute BCG-triggered skin DC migration to DLN 14 . DC migration is often assessed between 24 to 72 hr in FITC skin painting since FITC-labeled DCs are difficult to detect 4 to 5 days after painting 19 . Loss of the CFSE signal on labeled DCs is not an issue in the assay presented here since analysis of migration was restricted to 24 hr; the reason behind this being that the authors wanted to specifically study "overnight" migration events. Others interested in this assay are however encouraged to investigate earlier or even later time points for CFSE-based tracking. Moreover, since CFSE is introduced by injection it can be given at any defined time. This flexibility allowed the authors to assess DC migration between day 5 and 6 after BCG infection (Figure 2C) 3 . Injecting CFSE could potentially limit the cell types accessible in situ to the labeling reaction. For instance Langerhans cells (LCs), which are DCs that reside in the top layer of the skin, the epidermis, migrate poorly in response to BCG in the CFSE-based migration assay (Figure 3) 3 . However, during FITC skin painting, DCs positioned in the dermis, the layer below the epidermis, are readily labeled and migrate to the DLN faster than LCs 20, 21 . This suggests that cells can become fluorochrome-labeled without necessarily needing to localize to the layer of the skin where the labeling solution is applied.
As a model for BCG infection, the mouse ear provides a bona fide intradermal route of inoculation that is more in line with the clinical administration of BCG as a tuberculosis vaccine. Footpad injection on the other hand, is likely a combination of the intradermal and subcutaneous routes. That said, it requires skill and training to correctly and reproducibly deliver BCG to the dermis 22 , so in clinical practice it may not always be given truly intradermal but rather subcutaneous or a combination of both. As an inoculation site the footpad does have two very clear advantages over the ear that merit mentioning. First, the immune response is concentrated to the draining pLN following a footpad injection and this facilitates the examination of responses. The authors of this report found the pLN to be the first and main LN draining the footpad 3 . Others have suggested split drainage between the popliteal and subiliac LNs after injection of Evan's blue 23 . Nevertheless, in regards to the ear, there is more than one ear DLN in mice and these may not be regularly present or easy to locate 24 . The latter clearly introduces a liability in studies seeking to investigate responses in DLN. Second, larger volumes can be inoculated into the footpad (10 -50 µl) compared to the ear. This in turn both minimizes the liability of introducing major alterations in lymphatic flow and of having to work with very small injection volumes, which is in itself an issue when it comes to inoculating large quantities of mycobacteria. In the ear where injection volumes have to be small (1-10 µl), even 5 µl may alter lymphatic flow and potentially force a larger amount of the injected material directly into the DLN in an uncontrolled way. It is therefore important to account for injection volumes. This is especially important in experiments addressing the contribution of cells in ferrying bacteria to the LN. In the BCG footpad model, some BCG may have reached the DLN in the absence of cellular transport. This is based on the observation that one can still detect BCG in the DLN of mice where cell migration from the footpad was entirely ablated by local injection of pertussis toxin 3 . Whether this is an indication that BCG can directly access lymphatics and reach the DLN in a truly cell-free manner remains to be determined since it cannot be excluded that mycobacteria in this case where given access to lymphatics by force of the injected volume.
A practical consideration for immunizations in the ear or footpad is that animals have to be adequately immobilized for injections to be carried out correctly and in a reproducible manner. Isoflurane gas is described in the current protocol as a method to restrain animals in preparation for footpad injections. The relatively rapid induction and recovery times for isoflurane-mediated anesthesia make it a popular method, but similar to other anesthetic agents, it affects physiology, which may interfere with experimental results 25 . Indeed, both volatile and injectable anesthetics decrease lymph flow by abolishing voluntary muscle movements, reducing muscle tone, and decreasing lymphangion contraction 26 . Furthermore, a 5-fold reduction in migration to DLN of DCs adoptively transferred in the footpad has been reported in anesthetized animals 27 . Given the above, and since the handling procedures prior to anesthesia are likely to cause more stress to the animals than the injection itself, which is both rapid to administer and does not require a recovery step, the possibility to adequately restrain the animal without anesthetics should be considered. A mouse restrainer customized for footpad injections, where the animal can be rapidly brought to an immobilized position and inoculated in the footpad within 30 to 40 sec would be ideal to inject the mouse in the hind footpad without altering other aspects of its physiology in the process, and would be extremely useful in studies addressing cell migration through lymphatics.
In conclusion, this report highlights a novel protocol for tracking skin DCs during their mobilization to the DLN using an assay that monitors migration during a defined 24-hr window. This CFSE-based migration assay allows detection and analysis of migratory cells by flow cytometry, as detailed here, as well as by confocal microscopy 3 . It provides a flexible platform for studying a variety of injected stimuli and their ability to trigger DC migration, and importantly, can be employed to track not only DCs but also other populations moving from skin to DLN during different experimental settings.
